Huntington's disease (HD) is an autosomal dominant neurodegenerative condition caused by expansions of more than 35 uninterrupted CAG repeats in exon 1 of the huntingtin gene. The CAG repeats in HD and the other seven known diseases caused by CAG codon expansions are translated into long polyglutamine tracts that confer a deleterious gain of function on the mutant proteins. Intraneuronal inclusions comprising aggregates of the relevant mutant proteins are found in the brains of patients with HD and related diseases. It is crucial to determine whether the formation of inclusions is directly pathogenic, because a number of studies have suggested that aggregates may be epiphenomena or even protective. Here, we show that fragments of the bacterial chaperone GroEL and the full-length yeast heat shock protein Hsp104 reduce both aggregate formation and cell death in mammalian cell models of HD, consistent with a causal link between aggregation and pathology.
H
untington's disease (HD) is an autosomal dominant neurodegenerative condition associated with abnormal movements, cognitive deterioration, and psychiatric symptoms. The causative mutation is a (CAG)n trinucleotide-repeat expansion of more than 35 repeats, which is translated into an abnormally long polyglutamine tract in the huntingtin protein (reviewed in refs. 1 and 2).
HD is a member of a family of neurodegenerative diseases caused by CAG͞polyglutamine expansions, which include spinobulbar muscular atrophy (SBMA), spinocerebellar ataxias (SCA) types 1, 2, 3, 6, and 7, and dentatorubral-pallidoluysian atrophy (DRPLA). All diseases are dominantly inherited (except for SBMA, which is X-linked). In all cases, age at onset correlates inversely with repeat number (reviewed in ref. 2) . The polyglutamine expansion mutation causes disease by conferring a novel deleterious function on the mutant protein, and the severity correlates with increasing CAG repeat number and expression levels in transgenic mice (3) and in cell culture models (4) .
Although each of these diseases is associated with specific regions of neurodegeneration (which, in some cases, overlap), they probably are caused by similar pathological processes. A hallmark of many of these diseases, including HD (5), SBMA (6) , DRPLA (7) , and SCA types 1 (8), 2 (9), 3 (10), 6 (11) , and 7 (12) , is the development of intracellular protein aggregates (inclusions) in the vulnerable neurons. A pathological role for inclusions is suggested by the correlation of the number of inclusions in the cortex of HD patients with CAG repeat number, which reflects disease severity (13) . Inclusion formation precedes neurological dysfunction in some HD transgenic mice (14) and is associated with predisposition to cell death in cell culture models of HD (15) (16) (17) , DRPLA (18) , SBMA (19) , SCA3 (10), and SCA6 (11).
The hypothesis that inclusions have a direct pathogenic role in these diseases has been challenged by experiments reporting a dissociation between cell death and inclusion formation in primary cell cultures; inhibition of ubiquitination was associated with decreased aggregate formation but more cell death (20) . These findings were not straightforward, because inhibition of ubiquitination also increased apoptosis in cells expressing wildtype (wt) huntingtin constructs and others have suggested that these data still may be compatible with a pathogenic role for huntingtin polymerization (21) . Klement and colleagues (22, 23) suggested that inclusions may not be pathogenic, because deletion of the self-association domain from a SCA1 transgene with expanded repeats prevented the inclusion formation seen in mice expressing full-length mutant SCA1 transgenes, but both mouse models developed a SCA-like phenotype. Perutz (21) argued that this conclusion was unwarranted, because deletion of these 122 residues would turn the protein into a random coil. Thus, the experiment shows that Purkinje cell expression of denatured, truncated ataxin-1 gives rise to ataxia. One cannot argue that this effect was related to the polyglutamine expansion, because no data were presented for mice expressing wt polyglutamine lengths in ataxin-1 with deletion of the self-association domain. Recently, Cummings et al. (24) showed that loss of function of the E6-AP ubiquitin ligase reduced the formation of nuclear inclusions but accelerated polyglutamine-induced pathology in SCA1 mice. Although these data suggest that large, visible inclusions may not be required for cell death, the authors considered other possibilities that are compatible with a pathological role for inclusions. The loss of E6-AP activity may not have had a direct effect on the ubiquitination and clearance of ataxin-1 (24) but may have increased the half-lives of many other cellular proteins, which, at abnormally high steady-state levels, may have enhanced the cellular sensitivity to the SCA1 mutation (or aggregates).
Polyglutamine (polyQ) diseases have been studied extensively by using exon 1 fragments of huntingtin, because large fragments of the HD, SCA3, and DRPLA gene products do not induce inclusion formation or cell death in cell culture models (10, 15, 16, 19) . A small N-terminal polyQ-containing part(s) of huntingtin is found in inclusions in vivo (5) , but the exact nature and role of this fragment(s) is unclear. Although exon 1 models may not be specific for HD, they are powerful tools for studying inclusion formation in relation to cell death͞dysfunction in cultured cells and transgenic mice. We have used cell models of HD comprising an exon 1 fragment with varying CAG repeat lengths tagged at the N terminus with enhanced green fluorescent protein (EGFP) (4, 17) . This model, like other published cell models (15, 16, 19) , shows many of the features observed in vivo: constructs with repeat lengths in the normal size range (23 glutamines) do not aggregate, but constructs with 43 or more glutamines do aggregate and enhance cell death, and these phenotypes correlate with the duration and levels of transgene expression (4, 17) . The deleterious effects of polyglutamine mutations have been observed in both neuronal (e.g., PC12) and nonneuronal (e.g., COS-7) cell lines, consistent with the notion that although neuronal cell death and neurological symptoms are the cardinal features of these diseases, the mutations also can affect nonneuronal cells in humans and in mouse models (25) (26) (27) (28) .
In this study we show that fragments of the bacterial chaperone GroEL and the full-length yeast heat shock protein (Hsp) Hsp104 reduce both aggregate formation and cell death in mammalian cell models of HD, consistent with a direct, causal link between aggregation and cell dysfunction͞death. In addition, we show that a monomer comprising GroEL residues 191-345 (29) and an artificial heptamer formed by seven copies of a GroEL minichaperone (residues 191-376) have chaperone activity in mammalian cells. Thus, we resolve another important debate (30, 31) by providing direct evidence that the large, central cavity of GroEL is not essential for its aggregate-reducing activity in vivo. Aggregate formation and cell death also were reduced by the K620T mutant of Hsp104, which impairs its oligomerization in vitro (32) . Thus, efficient oligomerization may not be an essential requirement for all Hsp104 functions, in a fashion analogous to the GroEL 191-345 monomer.
Materials and Methods
Plasmid Construction. MC 7 was constructed by inserting a minichaperone GroEL into GroES in the pRSETA vector (33) . The DNA sequence encoding a part of the mobile loop of GroES (residues 16-33) was removed by PCR, as described (34) , using the oligonucleotides 5Ј-TCC GGC TCT GCA GCG G-3Ј and 5Ј-TCC AGA GCC AGT TTC AAC TTC TTT ACG C-3Ј, creating a unique BamHI site (bold characters) and the vector pRSETA-GroES⌬loop. The groEL minichaperone gene [corresponding to the apical domain of GroEL, residues 191-376 (29)] was amplified by PCR by using primers containing a BamHI site (underlined) 5Ј-TTC GGA TCC GAA GGT ATG CAG TTC GAC C-3Ј and 5Ј-GTT GGA TCC AAC GCC GCC TGC CAG TTT C-3Ј and cloned into the unique BamHI site of pRSETAGroES⌬loop vector, thus inserting the minichaperone GroEL(191-376) in-frame into the GroES⌬loop sequence.
We PCR-amplified the genes encoding MC 7 , GroEL wt (full-length groEL), Hsp104 wt, and Hsp104 K620T from bacterial expression vectors (pRSETA for the MC 7 and GroEL constructs and pGal for the Hsp104 constructs) and cloned them into the mammalian expression vector pCDNA 3.1͞His B (Invitrogen). To allow cloning into the corresponding sites in the pCDNA vector, the primers for the GroEL constructs had Bsu36I and EcoRI restriction sites (for GroEL wt and MC 7 ) incorporated in them and the primers for the Hsp104 constructs had BamHI and NotI restriction sites incorporated in them. The primers were as follows: GroEL wt Bsu36I, 5Ј-ACGTCCTA-AGGATATGGCAGCTAAAGACGTAAAATTC-3Ј; GroEL wt EcoRI, 5Ј-ACGTGGATTCTTACATCATGCCGCCCAT-GCCACC-3Ј; MC 7 Bsu36I, 5Ј-ACGTCCTA AGGATAT-GAATATTCGTCCATTGCATGAT-3Ј; MC 7 EcoRI, 5Ј-ACGTGAATTCTTACGCTTCAACAATTGCCAGAAT-3Ј; Hsp104 BamHI, 5Ј-ACGTGGATCCA ATGA ACGAC-CAAACGCAATTTAC-3Ј; Hsp104 NotI, 5Ј-ACGTGCGGC-CGCTTAATCTAGGTCATCATCAATTTCC-3Ј.
ApGroEL (corresponding to the apical domain of GroEL residues 191-345) was released from pRSETA (29) with EcoRI and BamHI (New England Biolabs) and subcloned into the respective restriction sites in the pCDNA 3.1͞His B. All constructs were validated by sequencing.
The HD exon 1 constructs in pEGFP-C1 constructs have been described (4, 17) .
Cell Culture and Transfection Experiments. COS-7 and PC12 cells were cultured, transfected, and fixed as described (4, 17) . We used a 3:1 or 5:1 molar ratio of pCDNA 3.1͞His B constructs to HD exon 1 construct DNA to ensure that all cells expressing HD exon 1 constructs also expressed the appropriate pCDNA 3.1͞ His B construct. In all such experiments, we used a total of 2 g of DNA per 3.5-cm dish and kept the amount of the HD exon 1 construct constant in test and control conditions. We analyzed between 300 and 600 EGFP-expressing cells per slide (blinded) in multiple, randomly chosen visual fields. The proportion of HD exon 1-expressing cells with one or more intracellular inclusions was used as a measure of inclusion formation, following Cummings et al. (35) . Odds ratios and P values were determined by unconditional logistical regression analysis, using the general log-linear analysis option of SPSS 9 software (SPSS, Chicago).
For Western blotting, cell lysates were electrophoresed on 15% denaturing gels, and an anti-His 6 mouse mAb (CLON-TECH) diluted 1:2,500 was used as the primary antibody. Blots were probed with horseradish peroxidase-labeled anti-mouse antibody (Amersham Pharmacia) and bands were detected with the ECL (enhanced chemiluminescent) detection reagent (Amersham Pharmacia).
Results

Bacterial and Yeast Chaperones Reduce Polyglutamine Aggregation.
In this study we have tested the effects of five molecular chaperone constructs on inclusion formation and cell death in cell models of HD. These included wt yeast Hsp104 (Hsp104 wt), which reduces aggregation when overexpressed in yeast models of HD (36) . No close mammalian homologues of this protein are known. Hsp104 wt was compared with the K620T mutation (Hsp104 K620T) in the second nucleotide-binding domain (32) . This mutation impairs oligomerization in vitro, with only a partial reduction in ATPase activity (32) . We examined the bacterial chaperonin GroEL (GroEL wt), a large complex comprising 14 identical, Ϸ57.5-kDa subunits organized in a two-ring structure. We tested whether the large, central cavity of GroEL was essential for its chaperone activity by studying a monomeric minichaperone corresponding to part of its apical polypeptidebinding domain (residues 191-345) (apGroEL) (29) . We also investigated the effect of placing seven copies of a GroEL minichaperone (residues 191-376) in a ring, which we called MC 7 . This mimics the organization of one of the rings of wt GroEL. MC 7 was made by inserting GroEL residues 191-376 in the place of part of the highly mobile loop (residues 16-33) of the bacterial cochaperonin GroES (J. Chatellier, Fergal Hill, and A.R.F., unpublished results). GroES forms a stable structure of seven Ϸ10.4-kDa subunits (37) . When analyzed by both analytical size-exclusion chromatography and analytical ultracentrifugation, recombinant MC 7 formed heptamers comprising seven 30-kDa subunits, and electron microscopic studies of MC 7 revealed a diameter similar to that of GroEL wt (O. Llorca, J. Chatellier, J.-L. Carrascosa, and A.R.F., unpublished data). The yeast and bacterial chaperone constructs described above were expressed from the mammalian expression vector pcDNA 3.1͞ HisB; proteins of appropriate sizes from lysates of transfected cells were detected by Western blotting by using an anti-His 6 antibody (data not shown).
The functions of GroEL wt, apGroEL, MC 7 , Hsp104 wt, and Hsp104 K620T were investigated by cotransfecting each of the test constructs into either COS-7 or PC12 (rat pheochromocytoma) cell lines with constructs expressing EGFP-taggedexon 1 fragments of huntingtin with 53 or 74 glutamines (EGFP-HDQ53 and EGFP-HDQ74, respectively) (4, 17) . The empty pFLAG expression vector and a J domain-deleted form of the human Hsp40 homologue, HDJ2 (called ⌬450) (17, 35) , were used as controls. A 3:1 or 5:1 molar ratio of chaperone (and control plasmid) to EGFP-HD exon 1 constructs was used to ensure that all EGFP-expressing cells also expressed the chaperone or control plasmid (38) . Data from our experiments (each performed in triplicate on two to four occasions) are expressed as odds ratios, which are the proportions of EGFPexpressing cells with inclusions divided by proportions of EGFP-expressing cells without inclusions when cotransfected with the chaperones, divided by the same ratio, when cotransfected with the control plasmids. Odds ratios were considered to be the most appropriate summary statistic, because the percentage of cells with inclusions under specified conditions varied between experiments on different days, whereas the relative change in the proportion of cells with inclusions induced by an experimental perturbation is expected to be more consistent (17, 38) .
We tested the effects of these chaperones at various time points (see Fig. 1 ). In general, we analyzed the EGFP-HDQ74 construct at 48 h, where 40-50% of EGFP-positive cells had inclusions and 40-45% of EGFP-positive cells had fragmented nuclei when cotransfected with pFLAG. EGFP-HDQ53 was analyzed in the greatest detail at 72 h to allow sufficient formation of inclusions (30-40% of EGFP-positive cells had inclusions and 24-33% cells had fragmented nuclei when cotransfected with pFLAG). apGroEL, MC 7 , Hsp104 wt, and Hsp104 K620T significantly reduced the proportions of EGFPpositive cells with aggregates in both COS-7 and PC12 lines, compared with the control constructs (Fig. 1) . The most pronounced effects were observed with MC 7 , where aggregation was reduced by 50% in PC12 cells and by 30% in COS-7 cells. apGroEL consistently and significantly reduced aggregation caused by EGFP-HDQ53 and EGFP-HDQ74, and effects were cells cotransfected with EGFP-HD74 and all test and control plasmids (except for apGroEL, which is shown in c). * , P Ͻ 0.05; ** , P Ͻ 0.001; *** , P Ͻ 0.0001; NS ϭ P Ͼ 0.05. seen in both cell lines. GroEL wt significantly reduced inclusions in PC12 cells, but the reduction was not significant in COS-7 cells. ⌬450 showed no difference in inclusion formation compared with pFLAG (Fig. 1 ). We previously have tested a large number of different proteins for their ability to modify aggregation in these cell lines, and virtually all of these have no effect or they enhance aggregation (17, 38) . This confirms that the effects we have reported here are specific.
Bacterial and Yeast Chaperones Reduce Cell Death. Nuclear fragmentation can be assessed accurately in polyglutamine disease models in COS-7 cells (17, 39, 40) . Because PC12 cells transiently expressing EGFP-HDQ74 appear to have less obvious nuclear fragmentation, it is difficult to quantify this phenotype objectively in this cell line. We scored the proportion of EGFP-positive cells with fragmented nuclei in COS-7 cells to determine whether a reduction in inclusion formation was associated with a reduction in cell death (Fig. 2) . GroEL wt, apGroEL, MC 7 , and both Hsp104 wt and Hsp104 K620T reduced the proportion of EGFP-positive cells with fragmented vs. normal nuclei compared with the control plasmids. ⌬450 did not modify cell death when compared with pFLAG (Fig. 2) .
We performed immunocytochemical analyses in COS-7 cells coexpressing GroEL wt, apGroEL, MC 7 , or Hsp104 and EGFPhuntingtin mutant exon 1 fragments, because previous studies have shown that some heat shock proteins colocalize with polyglutamine inclusions (17, 35, 41) . The chaperones used here did not colocalize with these polyglutamine inclusions (data not shown).
Discussion
Our data strengthen the case for a pathological role for aggregates in polyglutamine diseases, because our panel of bacterial and yeast chaperones reduced both aggregate formation and cell death in cell culture models of HD. We previously have reported that EGFP-HDQ74-expressing COS-7 cells with inclusions showed significantly more nuclear fragmentation at 24, 48, and 72 h posttransfection compared with either EGFP-HDQ23-expressing cells or EGFP-HDQ74-expressing cells without inclusions, which had similar death rates (17) . The same association between inclusion formation and cell death was observed when we generated intracellular aggregates with EGFP fused to 19 -35 alanines and compared these cells with those expressing native EGFP or EGFP fused to 7 alanines, which did not aggregate (39) . Previous studies have shown that the Hsp40 homologue HDJ-1 (41) and the polyglutamine-binding peptide QBP1 (40) reduce both inclusion formation and cell death in tissue culture models. It is possible that HDJ-1 modifies cell death processes via pathways independent of its effects on aggregation formation, because it is a cochaperone of Hsp70, which may be able to directly modulate cell death pathways (42). Nagai et al. (40) suggested that QBP1 may exert its effect on cell death by inhibiting interactions of polyglutamine proteins with other molecules and that its aggregate-reducing effect consequently may be an epiphenomenon. These caveats to the link between aggregation and death are extremely unlikely with the panel of chaperones that we tested, because these bacterial and yeast proteins are unlikely to impact directly on mammalian death pathways (independent of aggregation) and apGroEL, MC 7 (J. Chatellier, Fergal Hill, and A.R.F., unpublished results), and Hsp104 all have chaperone activity in vitro (29, 32) .
It is notable that bacterial and yeast chaperones can function in mammalian cells, and the data from apGroEL and MC 7 inform the important debate relating to whether the large, central cavity of GroEL is essential for all aspects of its activity (30, 31) . GroEL wt did not appear to be as efficient as the apGroEL and MC 7 minichaperones, presumably because its activity in vitro and in vivo is GroES-dependent (29) , in contrast to the minichaperones. This report of minichaperones directly reducing aggregation in mammalian cells suggests that the large, central cavity of GroEL is not essential for all of its activities and that the apical fragment can act independently of the microenvironment fostered by the complex structure of native multimeric GroEL, as demonstrated previously in Escherichia coli and bacteriophage (33) . Our findings that Hsp104 can act in mammalian cells complement the observations that this protein reduces polyglutamine aggregation and cell death in a Caenorhabditis elegans model that were published while we were writing this paper (43) . Aggregate formation and cell death also were reduced by the K620T mutant of Hsp104, which impairs its oligomerization in vitro (32) . Although transient oligomerization may occur in vivo, Hsp104 may not require efficient oligomer- ization for all of its functions, in a manner analogous to the GroEL(191-345) monomer.
Although our results support a pathological role for inclusions, they are not necessarily incompatible with previous data (20, (22) (23) (24) , because it is possible that mutant forms of these proteins also may be toxic in the absence of visible aggregation. Because these chaperones reduce cell death, they may provide the basis for therapeutic strategies not only for polyglutamine diseases, but also for more common neurodegenerative conditions associated with protein aggregation, including forms of motor neuron disease, Parkinson's disease, and Alzheimer's disease.
